We report on the Stark deceleration of a pulsed molecular beam of NO radicals. Stark deceleration of this chemically important species has long been considered unfeasible due to its small electric dipole moment of 0.16 D. We prepared the NO radicals in the 
Introduction
Over the last decade, there has been a growing interest in the development of methods to manipulate the velocity of neutral molecules in a molecular beam. Using accelerators/decelerators that are the analogues for neutral molecules of LINACs (linear accelerators) for charged particles, full control over the velocity and velocity distribution of molecules can be obtained [1] . Interest in this approach is triggered by the various applications of these tamed molecular beams. Molecules decelerated to a near standstill, for instance, can be loaded and confined in traps, offering observation times that are orders of magnitude larger than what can be achieved in a beam [2, 3] . Thus far, this has been exploited to measure the lifetimes of long-lived excited states, or to study collision processes at (ultra)low temperatures. The advantages of increased interaction times afforded by slowly moving molecules have also been exploited in high-resolution spectroscopy and metrology [4] [5] [6] . In crossed molecular beam experiments, these beams offer the possibility to study molecular collision processes as a function of the collision energy with a high intrinsic energy resolution [7] [8] [9] [10] [11] .
A variety of approaches have been followed to accelerate or decelerate neutral molecules. In 1999, the first deceleration of molecules was demonstrated using an array of electric field electrodes that were switched to high voltages at the appropriate times. In this so-called Stark decelerator, the quantum-state specific force that polar molecules experience in an electric field is exploited. In this seminal experiment, a small part of a pulsed beam of metastable CO molecules was decelerated from 225 m/s to 98 m/s [12] . Since then, a variety of Stark decelerators have been designed and built, ranging in size from decelerators integrated on a chip to several meter long ones [13, 14] . Various species, including ND 3 , OH, and NH, have been Stark-decelerated, trapped, and used for further experiments exploiting the exquisite properties of Stark-decelerated molecular beams [1, 2, 15] .
Inspired in part by these successes, a magnetic analogue of the Stark decelerator has been developed as well [16] . Deceleration based on the magnetic interaction allows the manipulation of a wide range of atoms and molecules to which the Stark deceleration technique cannot be applied. Zeeman deceleration of H, D, Ar and Ne atoms as well as O 2 molecules has been demonstrated recently [17] [18] [19] [20] . The development of both the Stark and Zeeman deceleration techniques has been one of the most important advances in molecular beam technology in the last decade, and has been (and beyond doubt will be) used to advantage in a broad variety of research fields in molecular physics and physical chemistry [1, 21] .
The Stark and Zeeman deceleration techniques can be applied to a relatively large variety of molecular species. The suitability of a molecule depends mostly on its mass and its effective electric or magnetic dipole moment. The choice for using a certain molecule further depends on the scientific relevance of the molecular species, as well as on experimental factors such as ease of production and detection. To date, the molecules ND 3 , CO (a 3 Π) and OH (X 2 Π) have been used most successfully. In view of many of these desiderata, the nitric oxide (NO) radical appears a prominent candidate for the Stark or Zeeman deceleration techniques. The NO radical is one of the most extensively studied molecular species to date, and plays a key role in atmospheric chemistry as well as in combustion and biological processes, and is an important intermediate in the chemical industry. Its significance to the scientific community was further cemented by its proclamation as "Molecule of the Year" in 1992. In molecular beam laboratories, the NO radical in the X 2 Π 1/2 ground state has been one of the most favorite species to use in, for instance, scattering experiments [22] [23] [24] . NO is one of the few open-shell radicals that can be stored at large pressure in the gasphase, and can be directly seeded at large quantities in a carrier gas. Extremely sensitive and easy to implement state-selective detection methods exist, using either Laser Induced Fluorescence (LIF) or Resonance Enhanced Multi Photon Ionization (REMPI) techniques.
The manipulation of NO radicals with electric or magnetic fields, however, is notoriously difficult. NO radicals in their X 2 Π 1/2 , J = 1/2 rotational ground state possess only a small effective electric dipole moment of 0.05 Debye [31] , whereas their magnetic dipole moment vanishes almost completely. This important species has therefore been exempt from the Stark or Zeeman deceleration techniques; the velocity of a beam of NO radicals could thus far only be manipulated using optical Stark deceleration and by billiard-like inelastic scattering processes [25, 26] . Fig. 1 . Scheme of the experimental setup. A pulsed molecular beam of NO is produced by a supersonic expansion of a gas mixture (20% NO seeded in Xe) from a cooled pulsed valve. After the supersonic expansion, just in front of the skimmer, a packet of NO X 2 Π 3/2 , v = 0, J = 3/2 radicals is created from the
+ state using a pulsed dye laser. After passing through the 2.6 m-long Stark decelerator, the NO X 2 Π 3/2 , v = 0, J = 3/2 radicals are detected using a saturated laser induced fluorescence scheme.
Here, we report on the successful Stark deceleration of a pulsed molecular beam of NO radicals. Prior to Stark deceleration, a packet of NO radicals is prepared in the X 
Experiment
The experiments are performed in a Stark deceleration molecular beam apparatus that is schematically shown in Fig. 1 . A molecular beam of NO radicals is generated by expanding a gas mixture (20% NO seeded in Xenon, 3 bar) into vacuum using a pulsed valve (General valve series 99, 10 Hz repetition rate, 1 mm diameter orifice). The initial velocity of the molecular beam is reduced to approximately 315.0 m/s by cooling the valve body to −70
• C. After the supersonic expansion, most NO radicals reside in the X 2 Π 1/2 , v = 0, J = 1/2 rotational ground state. This rotational state consists of two Λ-doublet components of opposite parity. The lower and upper components of e and f parity, respectively, are separated by only 318 MHz and are equally populated in the molecular beam. [32] . It is noted that this fraction can in principle be enhanced significantly when a second pulsed dye laser is added to allow for stimulated emission pumping, but this was not done in the present experiments.
The Stark shift of the X 2 Π 3/2 , v = 0, J = 3/2 state is shown in Fig. 2 . The Λ-doublet splitting between the upper and lower components that are of f and e parity, respectively, is only 39 MHz, and is not visible on the energy scale of the figure. Hyperfine structure as described by Van The Stark decelerator can be used with different modes of operation, which are characterized by the parameters ϕ 0 and s. The phase angle ϕ 0 determines the amount of energy that is taken out from the molecules in every electric field stage, where ϕ 0 = 0 • corresponds to guiding the packet of molecules at constant velocity through the decelerator, and ϕ 0 = 90
• corresponds to maximum energy loss per stage. The parameter s determines the number of electrode pairs the molecular packet passes before the fields are switched [28] . Operation of a Stark decelerator with s > 1 can be advantageous, as these modes of operation decouple the longitudinal and transverse motions of the molecules inside the decelerator, eliminating loss of molecules during their flight through the decelerator. In general, for a Stark decelerator with given length, the highest possible deceleration (and thus the lowest final velocity) is obtained when operating the decelerator at high phase angles and s = 1. The highest possible intensity of the NO packet that exits the decelerator, however, is obtained when operating the decelerator at low phase angles and s = 3. In the experiments reported here, both the s = 1 and the s = 3 operation modes are used.
The NO X 
Results and discussion
In Fig. 3 , time-of-flight (TOF) profiles of NO (X 2 Π 3/2 , v = 0, J = 3/2, f ) radicals exiting the decelerator are shown for different modes of operation of the Stark decelerator. In curves (a) and (b) the TOF profile is shown that is obtained when the decelerator is operated at ϕ 0 = 0
• and s = 1 and s = 3, respectively. These modes of operation correspond to guiding a packet of NO at a constant velocity through the decelerator. A packet of NO radicals with a mean velocity of 315 m/s is selected, transported through the 2.6 m-long decelerator, and arrives in the detection region some 8.5 ms after optical excitation in the source region. The wings of the TOF profile contain sharp features, as has been observed and interpreted before in deceleration experiments of OH radicals [28] . The signal intensity is about a factor two larger when the Stark decelerator is operated in the s = 3 mode compared to the s = 1 mode, in agreement with earlier findings [14, 29] .
In view of the relatively small Stark shift of NO (X 2 Π 3/2 , v = 0, J = 3/2, f ) radicals, deceleration is only possible when the Stark decelerator is operated in the s = 1 mode. In curve (c) of Fig. 3 , the TOF profile is shown when the decelerator is operated at s = 1, ϕ 0 = 55
• . The Stark decelerator is programmed to remove a constant kinetic energy of 0.14 cm −1 per electric field stage from NO radicals in the M J Ω = −9/4 component of the X 2 Π 3/2 , v = 0, J = 3/2, f state. A packet of NO radicals with an initial velocity of 315 m/s is selected, and decelerated to a final velocity of 253.8 m/s. The decelerated packet arrives in the detection region some 9.4 ms after production, and is split off from the remaining part of the molecular beam that is not decelerated. It is noted here that the preparation of NO radicals in the (X 2 Π 3/2 , v = 0, J = 3/2, f ) state using excitation via a spatially well-defined laser beam results in highly structured TOF profiles in which the guided or decelerated NO radicals are well separated from the remainder of the molecular beam pulse. This facilitates the accurate interpretation of all features in the TOF profiles, and is essential for the future use of the Stark decelerated packets in, for instance, scattering experiments.
The TOF profiles that are obtained from three dimensional trajectory simulations of the experiments are shown above the experimental profiles in Fig. 3 . The simulated TOF profiles are in good agreement with the observed profiles for all modes of operation of the Stark decelerator. In these simulations, the individual contributions of the low-field-seeking M J Ω = −3/4 and M J Ω = −9/4 components of the X 2 Π 3/2 , J = 3/2, f state are taken into account. Both components contribute to the main central peak when the decelerator is operated at ϕ 0 = 0
• . In deceleration experiments, however, only the M J Ω = −9/4 component contributes to the decelerated peak. This is illustrated in curves (f1) and (f2) of Fig. 3 that display the M J Ω composition of the full TOF profile. The Stark shift of the M J Ω = −3/4 component is a factor three smaller than the Stark shift of the M J Ω = −9/4 component, and does not contribute to the decelerated peak.
The final velocity of the packet of NO radicals can be tuned by choosing a different phase angle ϕ 0 for the Stark decelerator. In Fig. 4 , the TOF profiles are shown that are observed when the decelerator is operated at ϕ 0 = 30
• , 55
• and 80 • (all s = 1), resulting in a packet of NO radicals with a final velocity of 283.9 m/s, 253.8 m/s, and 229.2 m/s, respectively. Only the segment of the TOF profile that contains the decelerated molecules is shown. For comparison, the central peak of the TOF profile that is obtained for s = 1, ϕ 0 = 0
• is shown in Fig. 4 as well. The maximum intensity of the decelerated peak decreases for lower final velocities, following the decreasing acceptance of the Stark decelerator for higher values of ϕ 0 .
Conclusion
In this paper, we demonstrate the Stark deceleration of a molecular beam of NO radicals, which is one of the most widely used and most intensely studied species in molecular beam experiments. Due to its very small dipole moment of 0.16 D, Stark deceleration of NO radicals has long been considered unfeasible. We prepared the NO radicals in the X The packets of NO radicals with a tunable velocity as produced here are ideally suited for, in particular, scattering experiments of the NO radicals with atoms, molecules, and surfaces. The density of the NO packets that exit the decelerator has proven to be sufficient for crossed beam scattering studies, and experiments of this kind are currently underway at Radboud University Nijmegen. The intensity of the packets of NO X 2 Π 3/2 , v = 0, J = 3/2 can be further enhanced by adding an additional laser to allow for stimulated emission pumping in the preparation scheme. The tunability of the final velocity can be further increased by using decelerators of different designs, that may also be used to slow the NO radicals to standstill and to subsequently load them into traps. A decelerator consisting of ring-shaped electrodes [30] , for instance, is better suited for molecular species with a small Stark-shift-over-mass-ratio like the NO radical. It is noted that NO radicals prepared in the X 2 Π 3/2 , v = 0, J = 3/2 state possess a 1.2 Bohr magneton magnetic moment, making efficient deceleration using a Zeeman decelerator a good alternative.
